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·Abstract 
. '\;,' ' 
·-· .. ..::, 
The effects of ·the shape. of the power jet· nozzle and of the 
:Reynolds number on. the development of an incompressible .turbulent·-·· ' ..,.... . 
• I 
·Jet flowing over a circular wall were investigated. The aspect ratio 
of the nozzle exit was· 3. It was: found that the nozzle shape has an 
important effect on the development of the total pressure profiles of 
the jet. Three-dimensional effects were observed to be severe and some 
of them were Reynolds number dependent. For small setbacks, edge-tone 
. 
-
t - . 
noise phenomenon was observed. The entrainment ch~racter of the jet 
depends upon the edge-tone noise generated. Instability due to the 
coexistence of two stable states of noise generated· in the control port 
was ob~erved for Rew= 12,400 and zero setback. The edge-tone phenom-
.,,.1t; .. -.. . .. -
enon was found to be sensitive to the. dimensions of the control port. 
~ large setb-acks, edge-tone phe.nomena disappeared and a s-eparation 
bubble w~s formed. -~he flow near the· bubble was observed to be highly . 
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• jet nozzle, see Figure power 
power jet nozzle, see Figure 
width .of the control port 
nozzle exit height 








maximum total pressur~ at nozzle exit 
total pressure 
voluine flow rate 
radius of reattachment wall-
setback 
• 
q average.v~locity at nozzle exit, 
area 
,·; ' 
___ :.;,..: '. . 
•• 1 • 1_1. ·r 
. I..:. 
-tr _ 
turbulent velocity fluctuation in they direction 
nozzle exit width ... 
-, 
I •• 
. '• .: •• ,:,·.11-~ • 
- -, 
- /-
X ·longitudinal distance measured from the nozzle exlt, C + -r:9: 
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z 
--distance across the side plates, z -~ 0 corresponds to the midplane 
:P.· 








-~-kinematic-~v iscos i ty 
angular position along the reattachme~t wall 
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, 1. Introduction 
. +· Jets are observed to adhere to and flow round nearby solid bound-
• 
aries. This phenomenon is known as theCoanda·effect. It has received 
. ' 
wide attention recently in both aerodynamic studies and in those con-
nected with the··-design of flueric elements. -Imagine a jet emerging from 
a nozzle and flowing along a solid boundary. After leaving the nozzle, 
the .highly uhstable shear lay~:rl ()n both sides of the jet quickly becomes 
turbulent and starts to entrain 'fluid from the surroundings. As a re-
sult of the entrainment, the fluid between the jet and the solid bound-
ary is slightly accelerated there and thus the static pressure ne'ar the 
1Solid boundary becomes less th~n that of the surroundings. On t~e other I 
I side of the jet, the surrounding fluid .is also rapidly entrained Since 
this· is not occurring in a·confined region, like that between th jet and 
t~e solid boundai;-y, the static p}:'e~sure does not decrease and is equal to 
IJ . 
that of the surroundings. I1;1 consequence the jet is deflected towards 
--the solid boundary. Once the jet is deflected, a centrifugal force is 
produced by the curved streamlines of the jet. This centrifugal force 
. . . 
produces a pressure ~radient which, when 6n a convex surface, makes the 
surface static pressure less.than that of the surroundings. The jet con-
tinuously entrains fluid from the surroundings as it moves downstream. 
As a result, the wi~th increases and the jet velocity decreases_with in-
- ~ 
. 
creasing downstream distance. The pressure at the surface which is 
_ "'"" initially lower than tha~ of the surroundings (due to the flow curvature), 
tends to approach the surr<:,'unding pressure a~ the jet velocity decreases 
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Potential theories have been obtained by· (l)* and (2) for two-. · 
'dimensional incompressible jets flowing round various cylindrical shape~ .. 
·~r.. 
. 
--Two-d imens i ona l incompressible laminar jets over a curved surface have 
" been st.udied analytically. by (3), (4), and (5). .Both the laminal flows 
and the potential flows are not of practical importance. 
Newman {6). ...... gives. approximate theories for a two-dimensional incom-
pressible turbulent jet flows along a circular wall. These theories are_ 
., 
based on di~ensional analysis, the principle of conservation of momen-
. \ 
,, 
tum, and on ~he theory for undef\ected jets. ·Newman's analysis assumes 
' !' 
l 
zero skin friction. This assumption is based on a survey of·experimental 
~ 
I 
work on plane wall jets which reveals-that the behavior of the jet depends 
-largely on the outer layer, the downstream v~riation being chiefly caused 
-by entrainment of ambient fluid into the mixing layer rather than by a 
loss of .momentum due -to. th·e skin friction. This is especially tJ!ue when 
. 
' there exists at the nozzle exit the cofubination of~large momentum and 
thick boundary layer. This is .so because the skin friction is less if 
the in~tial boundary layer at the nozzle exit is thick. 
Newman's analysis predicts the maximtj.m velocity decay and· the su.r-
face pressure distribution. The agreement between the theoretical pre-
diction of the maximum velocity decay and .. the experimental results is · 
satisfactory. However, the actual surface pressure is about 30 per cent 
too low ··C~mpared to the theoreti?al prediction. This discrepancy appears 
I 
to be the resu~ts of .the invalid. assumption ~de in the analysis that 
the mean flow streamlines are circles with centers at the center of the 
-cylinder. Experimental results ·also indicat~_ t~at the normal turbulent 
*numbers in parentheses refer to references on .page 28 \ \ 


























stresses PV'2 are significant compared with the variatiPJ} of pressure 
across the flow. It should be not~d that in Newman's experimental-study, 
one lip of a two-dimensional slot was assumed to extend ·in the form -of a 
·. circular cylinder and there was neither a control port nor a setback. 
·Fekete (7) and Guitton (8) have made comprehensive experimental in-
vestigation of .two-dimensional turbulent wall jets flowing over convex 
surfaces and concave surfaces of constant radius, respectively. It was 
found that for convex surfaces,· the jet grows less rapidly and the max-
imum velocity decays less rapidly than that of a plane wall jet. The 
lo ,1 ·tudinal turbulence intensity of wall jets over c·onvex surface was 
I 
i) . high r than that found in plane ·wall jet while the 1lurbulence intensity. ~ 
-
. 
· of jet flows over concave surface was less than that of plane wall jet 1• 
i 
• 
I Sawyer (9l, (10) also has found that the convex flow spread·s more: 
"'rapidly, and. the concave flow spreads less rapidly than the correspond-
.· tng plane flow. Curvature is found to have a considerable effect on the 
·. entrainment properties of jets, especially- on the growth of curved wall 
·jets. A first order theory was developed for the effects of curvature 
10n he mixing process. 
-Margolis and Lumley (11) h,~ve made a de:tailed experimental study of 
,.J 
' 
i the turbulence in curved shear layers and Coanda flow in an attempt to 
-det rmine the effects of cu.rvature. The radial equilibrium of a fluid 
ele ent is stiable- if the radial gr\dient of angular momentum is positive , i . 
·ari~~unstable if the radial g-radie~t of the angular momentull!_ is negative 1 I 
· l ) 
' ! 
(1 . On the convex wall the gradient of the· angular momentum is neg-








. ' the angular momentum distribution is positive,· and turbulence. is sup9'.' 
,. pressed. The experimental results showed that in the unstable case, 
... ·• . ~ the layet spreads more rapidly. By .considering turbulent enersy bal-· 
ance, it was concluded that a stable situation inhibits, while an un-
stable situation promotes turb.ulent transport. 
The above descriptions give .a brief review of two dimensional in-
compressible jet flowing over curved surfaces. In fluidic devices, the 
aspect ratios are very small, usually between 1 and 4. The flow is no 
;> 
longer two-dimensional. Litt e has been done analytically on the three-
dimensional -flow case owing to he complexity of the flow. A few exper-
imental studies have been made recently and a bri.ef review is given below. 
\ 
. 
-McGlaughlin and Greber (13) investigated experimentally the s~pa-
i 
' i 
ration of· ·a wall jet flowing ov.er curved surfaces for very low. aspect 
' 
. ratios. It was found that at vE?fy low Reynolds number, a! laminar jet 
will separate from the surface after only a relatively short distance. 
-The separated jet becomes turbulent some distance downstream of the 
separation point. As the Reynolds number is increased, the transition il 
to turbulence occdns closer to the separation point. At some critical 
Reynolds number, the turbulent jet reattaches to the surface. Then 
there is a separation bubble formed. The. reattached turbulent jet again 
separates at a point downstream of the bubble. As the Reynolds number 
' ' 
increased, the rea'tj~.achment point. moves upstream, but the 





points do not chanje much. The bubble size decreases with 
increasing Reynolds number; finally the bubble vanishes. For still higher 
·,; :... Reynolds number, the transition to turbulence occurs closer and closer to ~ 
-6-
I 
! .. ' 
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•··•' ,.;.. . 
· ·· · the jet exit~ If the Reynolds number· is then decreased, the events are 
' 
- ' ........ 
· reversed and hysteresis effect is observed. 
Sarpkaya (14) investigated experimentally the attachment of a jet to 
. 
a convex wall with a control port at an aspect ratio of 4. Surface pres-
sure distribution and velocity profile were measured at the midplane be-
tween two side plates for various Reynolds numbers and wall setbacks •. A 
. long rectangular inlet duct was used which gave .a .fully-develo~ed velocity 
profile at the exit. For. relatively small setbacks, a large number of 
wall pressure oscillations near the nozzle were observed. For larger set-
backs, the wall pressure near the nozzle remained fairly constant. Thus, 
for a given Reynolds number, an increased setback should xesult in a more 
stable jet attachment. It was found that the effect of the control port 
and the setback on the velocity profile is most evident for the angular 
positions close to the nozzle exit. The closed control port condition 
produces a velocity profile whose maximum 0£,curE~d relatively closer to 
the wall than for the open control port condition. Thi$ is due to the 
vacuum established in the control port. 
It was ebserved that for angular positions less than approximately 
35 degrees, the maximum velocity was always greater than the average 
velocity at the nozzle exit. Sarpkaya conc·luded that by a suitable de-
sign of the location· of the vent and the sp.litter plate, the high velocity 
core of the jet .can be directed into· thi~ load port b~fore the maximum 
-
velocity begins to decrease to a value .lower than the average velocity at 
the exit. ~' - ' The lower energy flow near the wall can be drained through the 
vent and the low energy flow at the upper portion of the jet can be skimmed 




. ' .. ~·',....,.-~··.,,- .. -..•.... · '' -• ""•'- •---•-' • • • . • . '-----A·- .. <...-'-··•., • 
. _.,-· 
. . -~-· . 
. . -,r· 
o·ff by the .. s.plitter plate. Thus, a relatively high pressure _recovery 
~hould be obtained. 
·He concluded that the· main advantage of .the convex attachment wall 
are the existence of hi h velocity core and the absence of the separation. 
bubble which is one of t.he major reasons for the dissipation of energy. 
Sarpkaya designed such an amplifier according to the ~idplane pro-
files only. No off midplane profiles were taken. 
Rockwell and Fiske (15) studied experimentally the velocity field 
for jets reattaching to walls of various shapes, setbacks, and control 
port conditions for the case of undeveloped velocity profiles at the 
nozzle exit with an aspect ratio of 3.83 and Re = 18,100. Off midplane I w 
.-ll. 
total pressure profiles were taken in order to examine the three-dimensional 
'~effects. It was observed that a $tati~: pressure grad.ient at the nozzle· - ~-----.~ 
exit is produced by the setback. As the setback was increased with the 
·· .control port closed, the effect of this pressure gradient became more pro- · 
nounced. This effect dees .not exist for the open control port condition •. 
It was found that the fully-developed nozzle exit velo.city profile pro-
duced a more rapid decay of-maximum velocity than that of an undeveloped 
exit velocity profile. It was also found that the _maximum velocity of 
the convex wall jet decays more rapidly than that of the inclined straight 
wal·l jet. The velocity profiles at the nozzle exit between the side 
., 
plates were found to be'uniform. 
The total pressure traverse at several-different values of coordi-
nate z/w indicate that off midplane total pressure profile is quite diff-
... erent from ·that of midplane profile. (For the meaning of various coord-
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-·, 
.. 
. . ~ 
. X t:he outer shear layer.· For large -~, this ef feet becomes mo~e pronounced . . w 
f 
and covers tne whole range of y/w. /' , 
-The purposes of the present investigation was to study the three-~ ; . 
---.-.-
.,} .. -. 




dimensional effect for different shapes of pewer_jet nozzle, Reynolds 
numbers, and s·etbacks. The aspect ratio used in the present study· was 
3. Two different nozzles weEe used. They are described in the .~ext 
section.· ·The edge-tone effect due to relatively small setback is re-
pottid. The effect of control port length on the jet character is also~ 
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2.-·· Experimental Apparatus and Procedure 
----;-----· 
\. 
2.1 Experimental Apparatus 
' The arrangement of the experimental apparatus is shown in Figure 1. 
The test section was resting on a table which is three·feet·above the floor 
[};, 





field in the test section. A schematic_- of the experimental apparatus is 
shown in Figure 2. Dry and clean air was pumped into a large- pressure 
I 
tank where the pressure is maintained at 65 psig. Through a series of 
two valves and one pressure regulator, air then passed through a flow-
rator and flows into a cylindrical_ stagnation tank. The stagnation tank 
was 1 foot long and had 6 inch inside diameter and 1/4 inch thickness. 
An aluminum flow straightener made up of 1/8 inch holes was fitted into 
the stagnation tank. Two fine screens were placed downstream of the flow 
straightener to suppress the turbulent fluctuation. Figure 5 shows the 
detailed dimensions of the stagnation tank. A thermometer was placed in 
the stagnation tank to measure the total temperature o-f the air. A static 
hole was drilled at the inlet of the flowrator ,and connected to a man-
# 
ometer. 
The test section was made of plexiglas. Two panels and o circular 
section were placed between two side plates and were bolted toget er to 
form the power jet nozzle and the attachment wall. The upper paJ1 could 
be moved relative to the lower panel in order to obtain different aspect 
ratios at the nozzle exit. The attachment wall could also be moved rel-
ative to the lower panel so that diffe7rent offset could be obtained. 
Surface static holes 'were drilled every six degrees in the circular sec-

















__,. .•; ,. 
~. 
. ,. 
i ' . 
,M........-.~ ,, iii Figure 3. The radius of the circular section~as;:S' 1nche$. 
. '• . 
Two different nozzles were made and are shown in Figure 4. · In 
the present investigation, the hetght of the nozzle was 0.75 of an inch 
and the width of the nozzle exit was.· 0.25 of an inch, so the aspect 
ratio-at the nozzle exit was 3. The contraction ratio of these two 
.......... 
··~ nozzles was 17:1. Nozzle A had the shape which is commonly used in fluid 
amplifiers. - It also had a half inch parallel section before the nozzle 
exit. Since the parallel section ~as very short, the flow was. no.t fully-
developed at the nozzle exit. Therefore, a fai~ly uniform velocity pro-
' 
,,. 
file was expected at the nozzle exit. It should also be noted that the 
profile of nozzle A had a convergent part which was made of three sections. 
The convex, straight, and concave section. The convergent part of nozzle 
B had a concave section followed by a straight section; it had neither 
. 
. the convex section nor- the parallel ·section before the nozzle exit. 
A static hole was drilled through the upper panel of the nozzle in 
order to measure the stagnation.pressure in the nozzle. 
A transition piece, one inch thick, was used to connect the stag-
nation tank and the inlet of the power jet nozz ie.. The side of the trans-
ition piece which·was facing the stagnation tank was smoothly rounded. 
' 
·· A traversing mechanism, which could be moved in three perpendicular 
directions, is shown in Figure. 6. Two micrometers which could move the 
pr.obe in the y and z directions were moun~~d. on· two sup.port arms· wb..ich . 
could slid~ alo-ng the side plates •. The two support arms were pivoted at 
• 
the. center of the circular section and thus could move the probe in the ·.:, . 
x directionl By using a clamp ~crew and a rectangular block inserted 
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tightened at any _desire.d angular· position. The definition of x, 
an4 z directions is also showµ in Figure 6. · 
2.2 ·Experimental Procedure 
.. Table A show~ the range of the variables ·used in the present invest;. -
·igation. 
' 
. . Nozzle w h AR r/w c/w 1/w s/w Re 
w 
A, B 0. 26.' 0.75" 3 20 1 20, 24 o, 1 s,ooo, 12,400, 20,000 
.. 
Each time before taking .any measurement, the following parameters 
were recorded: (1) flowrator inlet pressure, (2) stagnation tank temp-· 
.erature, (3) power j~t wall pressure., (4) room temperature and atmos-
pheric pressure. 
Throughout the experimental procedure the room temperature and air 
! temperature in the stagnation tank were nearly constant and equal to each 
other. The flowrator inlet pressure was recorded in order to correct the 'I 
SCFM readings of the flowrator because it was calibrated under the stand-
ard condition at 14. 1·· psia and 70° F. It was found, however, that there 
is only a little difference between the flowrator inlet pressure· and the 
atmospheric pressure. For. exampie, at q = 7. 4 CFM .{which corresponds to 
Re = 12,400) · the flowrator inlet pressure is 0.27 psig. The _calibration w 
curve provided by Fischer and Porter Company shows ft.hat for '·such a small 
d.iffei;ence, it is not necessary to make any correction. 
Almost all the data were taken for nozzle· A. The. only· time nozzle B 
. . 
- . 
: was used was to check the total ·pressure ·profile-at the nozzle exit for 
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Only total pressure traverses we~< taken in this investigation~· -
A United Sensor and Control Corporation's PCA-12-KL probe was used. 
This probe has an outside diameter of 1/16 of an inch., wli1ich is the 
' 
. 
smallest~recommended size for ordinary use. At the· beginning, point 
-by p.oint data were taken with manameter hook-up. It was found that it 
took at least 3 minutes for the system to reach its equilibrium pressure. 
It was then decided to use a pressure transd'i1cer which has a response 
time much less than that of manometer hook-up. Model 308 differential 
pressure transducer of the Decker Corporation was used. It contains two 
units; a differential pressure sensor add a pressure transducer. The out-
put voltage is linearly proportional to the input differential pressure 
up to 2.5 of an inch of water. Direct plots of the total pressure versus 
the distance between the two side plates were obtained by.connecting a 
linear position transducer (potentiomet-er) · to the :micrometer and then 
·~ plugging the_ two outputs from I?oth the pressure- transducer and the po-
.. ~~ntiometer intQ_ an X-Y recorder. Thus by manually adjust in~ the mi-
---crometer, a continuous curve was obtained. In each test run, a normalized 
profile could be obtained directly by the following procedure: (1) turn-
ing on ~he air and adjusting it to a desired flow rate, (2) moving the 
probe to the geometrical center at the plane of nozzle exit, (3) unplug- . 
... ging the y .. input to the X-Y recorder and aojusting the zero adj.ustment on 
the.X-Y recorder until the -ink pen was pointing at the zero ~eading on the 
graph paper, (4) replugging ~he input arid adjusting the y-vari~ble on 
(J" 
the x-y- recorder until the ink pen was pointing at unity on the graph pa-
. ' 
. 





geometrical center.of the.nozzle exit plane~ The z~coordinate 
... 
. . 
. i is the x-coordinate.on·the X-Y recorder) was non-dimen~ionalized by the 
·'. nozzle width w. This was- easily obtained by the adj~stment of ·x-variable 
and zero adjuStll\ent onthe X-Y recorder. 
A d-c ·power supply was required by the potentiometer. This was ful-
• filled by using a Heathkit Model IP-18 power supply which gave a d-c 
~ 
voltage between 0-15 volts and a current between 0-500 ma. 
A total p·ressure probe which had an outside diameter of 0.042 of an 
inch was made in the shop. This increased the traversing distance which 
could be obtained between the side plates when compared with the other 
probe which was described before. However, because of the interference 
~ 
of the traversing mechtnism and.the side walls, the probe center could 
not ·reach beyond z/w = + 1.3. 
-
Surface static pressure were recorded for zero setback and 
·Re = 12,400 and· 20,000 by using. a manometer board. In order to increase w 
the sensitivity, the manometer board was inclined-at an angle of 15 de-
grees with respect to the horizontal plane. The liquid used was the red 
-oil supplied by the Meriam Instrument Company. The specific gravity of 
the red oil was 0.827. 
Point-by-point profi·les of· total pressure versus y/w w~re taken for 
, y/w = 0 at 8 = 6°, 18°, 30°, 42°, 54°, and 66°. Total pressure vari-
ation with z/w for differen_t a at a certain y/w .were also ta·ken. 
In bistable fluid amplifiers., the flow at. large angles is of. little 
interest because, since at l~rge angles., the totai pressure loss is high,-
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only traverses for small angles should be made. The direct plotting 
sys·tem made it possible to obtain a complete set of data·· in a short per-
iod of time. So an extens~ve study for Re = 12,400 and s/w = 0 and.l w· 
wa_Jt::,· ma.de_:_at the :nozzle exit. and at 8 = 1 °, 3°, · 6·0 , 12 °, arid 30°; At 
-those locations, -profiles of the total pres.sure versus z/w_ at fi~ed values 
of coordinate y/w were determined-. 
A study of the Reynolds number ·effects on the power jet profile at· 
·the nozzle exft was made. A short test on the effect of sound on the wall 
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---- 3. Results and Discuss ions ' ' 
' 
· 3.1 Effects of nozzle shape_· and of Reynolds number -
-. 
Figure 7 shows the normalized wall pressure distrib.utiort versus the· 
angle e fQr zero setback and Re = 12,400 and 20,000. It shows that the . / .. · . ' w . ,:, 
wall pressure is always. les&-.. _than the. atmospheric pressure. Except very 
near the nozzle, the wall pressur·e is. seen to be nearly constant until 
the Jet- reaches the angle e = 66°. From ther.e the wall pressu~e starts 
. 
. 
to increase. · Near the nozzle, the wall pressure is quite unstable. This 
phenomenon was also observed "by Sarpkaya (14) and the reason for this os-
cillation is not well understood. The figure also indicates that the 
surface pressure distribution is not very sensitive to Reynolds number. 
-· 
Figures 8, 9, and 10 show the development of the midplane total pres-
" 
sure profile along the reattachment wall for three different Reynolds num- _ 
bers. It is seen that at Re = 5000, for ·a certain value of x/w, the max-w . 
... imum total pressure occurs at a value of y/w which is higher than for 
Re =,12,400 and 20, 00. w This might;:.:,-be due to the fac·t that· at low Rey-
,;:,:·-,, .....•. _., ... ,.,,.,•,' ,.,,.,, 
nolds numbers, the ef ect of the skin friction becomes relatively more 
import.ant and the entrainment is no longer the only dominant mechanism in 
the development of the jet. 
The decay __ of the maximum total pressure is replotted in Figure 11. 
It is seen that the curve for Re = 20,000 lies between that of w 
.. Re = 5,000 and Re.= 12,400. 
. w w 
The reason for this will be seen later . 
Figure 12 shows the total pressure traverse acrQSS the side plates 
, for nozzle A at y/w = 1 and Re = 12,400 for different angular pcisitioris. w 
It is seen that the symmetry of the flow field with Eespect to the mid-
plane i~ quite satisf·actory. 
:·~ • •· ' I 
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'is such a big dip·near the midplane because the effect of· e;nt-ra'inment 
· alone is not·· enough to produce such a big difference. Two· peaks occu-r-
. ring approximately at z/w ·=· +· ·o:.9 -:.:· ··This is also not expected ~ecause the - . . 
·. 
·side plates are at z/w = + 1.s.· r1;te·norma1 boundary layer build.up for - . , __ : 
this Reynolds number an~i for this distance from the nozzle certa,inly will 
not give a boundary layer thickness which is nearly equal to one-fifth of 
p 
the whole distance between the two side plates. -
This naturally leads one to wonder what has happened at the nozzle 
exit before the jet starts to develop. Figure 13 shows the tot'al pres-
sure profiles of nozzle A at the plane of the nozzle exit. Owing to the 
size of·the probe a~d the limitation of the traversing mechanism, the 
probe center can not reach beyond z/w = + 1.3. But by b~nding the probe 
-
. tip to one side, z/w = - 1. 4 can be reached at the s·acrifice of equal di~-
tance on the other side. Si.nee the flow field is quite synnnetri_cal with 
' . 
respect to the midplane, one wo.uld expect to find the same situation on 
both sides away ffom the midplane. Thus in Figure 13, at a value of y/w. 
very near the top or bottom of the nozzle, four locations where total 
pressure drops rapidly ·are observed. Two are near the midplane and the 
other two are near the bounding side plates. These dips become smaller i~ 
and smaller towards the center of the nozzle. The two djps near the mid-
plane finally disappear but the two dips near the side plates exist even 
' 
at the cent--e-r of the nozzle although they are very small there. It • l.S 
., 
seen: that the flow corresponding to the dips near the midplane~· j_·s .::( highly 
. 
turbulent.· Figure 14 shows the total pressure prof~le at the exit plane 
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'<' I :suspect the effect of the transition pi~ce which connects· the stagnation 
tank and the.nozzle. Subsequent tests run by Professors Owczarek and 
,Rockwell have shown that the two dips near the midplane -are caused by· the 
transition piece. By placing a honeycomb inside the nozzle, it was found 
' .. , that the two dips near the midplane disappeared, but the dips near the 
side plates were still there. Thus one might assume that the two dips near 
the midplane were caused by the particular shape of the inlet of the trans-
- ition piece which has a smoothly rounded rectangular shape. But since 
nozzle B also has the same inlet, why does it not have these dips? One 
possible explanation is that the contraction of nozzle B has an effect 1' 
which damps out the dips while the contraction of nozzle A has an effect 
that enlarges the dips formed at t_he inlet of the transi-tion piece. The 
two dips near the side plates always exist. They maybbe generated,by the 
··" concave and convex profile of nozzle A. In the case of nozzle B, which 
has no convex section in the convergent part of the nozzle, no dips near 
the.side plates are observed. 
Figu,es 15 and 16 show the effects of Reynolds number on the total 
pressure profile at the nozzle exit. It is seen that at very low Reynolds 
number there is no dip at the midplane and dips are found only near the 
side plates. As the Reynolds increases, two dips near the midplane begin 
to develop and the depth of these two dips increases with the Reynolds 
number and reaches its maximum at approximately Re = 12,400. · Then, the 
- w 
--
size of--these two dips seems to decrease with i~~c-reasing Reynolds number. ' 
. 
'Even though the pressure transducer used ill the present investigation does 
not allow the jet to go to higher Reyn~lds number (like 20,000), we can 
-18-
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~ see the tendency of the development of thes·e·· dips as a func·tion 
the Reynolds number. The dips near the 
-side pla~es are observed 
to be nearly independent of the Reynolds number. 
Figures 17 and 18 show the total pressure traverses at a certain 
value of the coordinate y/w_ and a certain angular position for different. 
-
·._Reynold' number.- The abbreviation H.F. an~ L.F._will be explained later. 
It is seen that at Re = 5,000, the profile is nearly flat ne•r the mid-w . 
. p:lane and there is a small. dip near th~ midplane for Re 
w 
.. 
= 20,000. The 
largest dip occurs at Re = 12,400. This phenomenon is in accordance with . . w ' . 
-
.... 
- - / what was observed at the nozzle exit and it also explains why in Figure 11 
the maximum total pressure decays faster at Re = 12,400 than either w 
Re. = 5,000 ·or Re = 20,000 in the midplane. w w 
. Figures 19 through 27 _give complete traverses o-f the flow field at 
a = 1°, 3°, 12°, and 30° for Re = 12,400. These figures show how the w 
jet develops as it flows downstream. It is observed that after the jet 
leaves the nozzle, the entrainment has a dominant effect on the develop-· 
--r--~ ment of the outer layer of the jet while the effect- of the skin friction 
--plays an -important role in the development of -the inner layer of the jet • 
.. -
- In the outer layer, since the- two_ total pressure dips near the mid-
' 
. plane have already become highly turbulent, the jet starts to entrain 
-
fluid from the surrounding rapidly. The rate of entrainment is much high-
er near the midplane than that away from the_midplane. The dips near the -
midplane become de~per and deeper.as the jet moves downstream and the two 
dips soon combine into one dip. It is amazing to see what a big diffef---= 
ence, exists between the total pressure at· ·the midplane and that on either 
~ ·side away from the midplane. For example, in Figure 24, the non-dimensional -
· -19- ... 
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total pressure at z/w = ·o. 8 is 2. 6 times .as larg~; as that near the ·mid-
. plane for Z =? 1. 0 and 0 = 12°. The flow· aw_ ~y from the midplane "is not · w· 
highly turbulent when the jet leaves "·the nozzle, so the entrailllllent rate 
·, is not as high as that near the midplane. The total pressure decays at 
·-
a· slower rate than near the midplane. But as the jet moves fartl'iertHewn-
stream, the flow becomes more and more turbulent. At 8 = 30~, as c~n 
be seen f·rom Figure 27, the turbulent fluctuation is high throughout the 
J 
.," whole jet. It can be seen from Figures 12 and 24 (y/w = 1.0) that the 
difference in total pressure between the·midplane and the two peaks reach-
es its maximum value at about a ::;: 12 ° and then starts to decrease. This· 
means that for a greater than 12°' the fl<>w away from the midplane starts 
to entrain the surrounding fluid at a rate faster than that of the mid-
\ plane. It can also be seen from these figures that the dips near the side 
p~ate.s were enl~rged in the z -direction but the extent of these dips re-
mains nearly constant, which means that the entrainment rate between the 
locations of the total pressure peaks and the side plates are quite uni-
form. 
In the inner layer, the jet entrains the air from the control port. 
As the jet reaches the lead-ing edge of the reattachment wall, a small por-
tion of the jet impinges upon the leading edge of the wall and flows into 
the control port. This is because the setback is ve_ry small. Fro~ Fig-
ures 19, 21, 23, aI).d 2s) we can see that the two dips near the midplane, 
-
which exist near the bottom of the nozzle exit, soon combine into one dip 
- because of the effect of the wall. The size of this dip gradually decreases 
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dips . can be seen~ These four dips combine. int_o two dips as the flow 
.. moves downstream. This can be seen from Figure-23. Because of the effect 
of the wall, the dips which are formed outside the nozzle also decrease 
in size as the jet moves downstream, as can b~·seen from Figure 25. The 
dips which are formed outside the nozzle are probably due to the rapid 
entrainment from the control port. 
3.2 Edge-tone Phenomena 
During the periods of taking·the total pressure measurements'for zero 
'.setback and Re = 1i,400, noise of two different frequencies in the aud-w 
ible range was heard. It was continuously changing back and forth. This 
· indicates that the state of the jet is not stable for this particular 
geometry and Reynolds number. By increasing the Reynolds number slightly 
above 12,400, the jet sta.yed at a state corresponding to the relatively 
high frequency. Similarly., by decreasing the Reynolds number to a value 
slightly lower than· 12,400,- the jet could be made to stay in the st.ate 
corresponding to the relatively low freq~_ency. The difference in the 
Reynolds number for these two states is very small, but -·the resulting · 
total pressure profiles across the side plates are quite different. 
Krishnamurty (16) studied experimentally the subsonic and superson~c 
flow of air past two-dimensional rectangular cavities cut- into a flat sur-
~-
face. The c~vities -were. found to e~it a strong acoustic radiation. The" 
' ., '" 
-mechanism of sound production is the voftex mot.ion in the gap. This is 
similar to the edge-tone phenomena (17). It was observed that for some ~ . 
combinations of Mach number and gap breadth- the phenomena in the gap were 
unstable in the .sense that two intermittent frequencies ··could be measured. 
'lb, • 















•·' , ... 
•--~"' 
.,, 
. Measurements of fre.quency · with . turbu\ent boundary layer ahead of the gap 
· showed that two frequencies ·of nearly· equal strength. ~xisted at the same 
time. ·This· behavior, which apparently results. from the coexistence of 
.. 
two stable states in the gap, ··was observed to be a typical feature of flow 
"
11;'past gaps of breadths around O. 5 of an inch and· greater with a turbulent 
boundary l_ayer. A slight change in temperature or th~ gap width would 
cause this instability to disappear. This indicate·s that the edge-tone 
phenomenon .is extremely sensitive to geometry and temperature change. 
The character of the acoustic field was found to depend on the type of 
boundary layer, the gap dimensions, and the free-stream velocity. 
The basic mechanism of the sound generation of -the present study is 
similar to that of edge-tone phenomena. When the jet leaves the nozzle, 
it starts to entrain air from the control port. With very small setback, 
a small portion of the jet is skimmed 'by the leading edge of the reattach-
ment wall and flows into the control port. Vortex motion is formed in ·the 
control_ port and sound waves are generated by this vortex motion. It is 
not quite surprising to observe that for this particular geometry and Rey-
nolds number, two stable states c.oexist in the control port .. It is ex-
pected thad this kind · of ·Situation would occur for certain other combina-
tions of control port dimensions an\ Reynolds numbers. What is unexpected 
~\. ..
is _that the jet character is quite different for these two states. Figure 
· 28 shows a comparison, at 6 = 30°, of total pressure profiles: corres-. ~ ~ -
ponding to these two states, which are denoted· as H.F. {high frequency) 
and L.F. (low frequency). It can be seen that very near the wall, there 
.. is not much difference in total pressure profile. · But in the outer layer, 
0 
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.,the, midplane is faster for· the state o~ high frequency than for that· of. 
" 
· low frequency. This leads one to think that the sound waves might affect 
the turbulence intensity of the j_e~ which, in turn! affects the entrain-
., 
ment rate. Since in the inner layer, the process of entrainment proceeds. / 
only for a distance equal to the width of the control port, it is expect.e.d 
that the total pressure profiles would not differ very much in the inner 
layer.for these two states. 
In order to make sure that this difference was indeed caused by the 
effect of acoustic ~adiation, an external sound source was placed right 
below the control port. If the jet was originally in the high frequenoy 
state, it could be switched to the low frequency state by adjusting the 
sound _source to a· certain frequency and amplitude and iice versa. 
The edge-tone phenomena occurs only for small setbacks. for large 
setbacks there is no vortex mc;,tion at the control port and thus no sound 
waves are generated. It is ~nteresting to knew what combination of Rey-
nolds numbers and setbacks produces the egge-tone phenomena. A detailed 
' 
measurement was not made in this investigat·ion.] Only a few tests were 
, . 
run. For example, for s/w = 0.5, no noise was observed. For s/w = 0.25, 
the edge-tone phenomena-- began at Re = 12,100 .. Below this value, no noise w 
was observed. 
It should be not~ that the edge-tone phenomenon is extremely sens-
itive to the dimensions of the control port. It was found that after the 
tests with non-zero setback, the setback was reduced again to zero, the ' ' 
.. two states previously observed no longer coexisted at that particular 
Reynolds number. Only the high frequency state was observed. Figures 29 
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. . wall with a rounded leading edge at a 
-·-.· .····---· 
= 12° ,and Re = 12,400. 
.. ·W· It is 
·),, .. observed that for this rounded leading edge, the noise generated is qui~e 
-different from either the high frequency or low frequency state observe<! __ 
before. With the rounded leading edge', the frequency is even -1ower than 
the low frequency. A comparison of Figures 29 and 30 with Figures 23 and 
·~ 24 shows that the total pressure profile is quite similar iri the inner 
layer but a large difference exists in the outer layer. This is in accord-
ance with what was observed before. The rounded leading edge changes the 
noise character which., in turn, affects the turbulent intensity and thus 
' ,~· 
., 
' changes the entrainment rate of the jet. It wasrnmentianed before that the 
inner layer is not very much affected by the noise character because the 
process of entrainment proceeds only for a very short distance. 
3.3 Some Other·observations 
From previous observations, it is known that the dimensions of the 
control port are of vital importance to the development of the· jet. In 
this investiga;.!gn, the control port width was kept constant and equal to ...... 
--the width of the nozzle exit w. No attempt was made to change this vari-
able. The length of the cpntrol port could be extended by attaching a 
hollow rectangular block to the bottom of the control port. The original 
control port was ~otmed by the_ lower panel of the nozzle, the circular 
1 wall and the two side plates •. It had. a length of - = 20. A one inch long w 
rectangular block with ·smoothly rounded inlet was made giving i = 24. · 
Figures 31, 32, a~d 33 show the difference between the total pressure pro-
files corresponding to 1/w = 20 and 24. The fallowing three effects might 
cause this d·ifference: (1) The noise cha~acter .~s different, i.e., the 
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the control port are different; .one has a smooth inlet (1/w = 24), the 
other has a sharp inlet (1/w = 20). (3) The length· of the· control ports· .. ·. 
are diffeEent. It is difficult to tell whJ.ch one is of major importance -. 
in affecting the total pressure profile, although probably the effects 
(2) and (3) are related to-the noise character, effect (1). 
; 
"Figures 34 through 37 show the total pressure profiles for 
Re = 12,400 and s/w = 1 at 6 = 2.5° and 12°. It should be noted that w 
with such a large setback, the egge-tone effect does-not exist and a large / 
separation bubble is formed. Within the bubble, the flow is highly tur-
bulent (as can be seen from Figures 35 and 37). The tendency of the de-
_.. velopment of the jet is similar to that observed for the zero setback case. 
Even though the total pressure profiles afe not measured at large angles, 
the total pressure decay for s/w = 1 is expected to be faster than that o·f 
zero setback owing to the presence of the separation bubble. The turbu-
lent fluctuations are very high .in the bubble which would cause a total 
pressure loss greater than that without the bubble. 
t, Figufes 38 and 39 _sho~ the total pressure variation with y/w at dif-
ferent values of Z/w. It is clear that the three-dimensional effect is 
quite pronounced. For example, Figure 39 shows that at e = 30°; the 
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From th~ ·results peesented above,- the following conclusing remarks _;, 
can be made concerning an incompressible turbulent jet flowing over a 
circular wall with a nozzle exit aspect ratio of 3: 
. 
. (1) For nozzle A, without a fl~w straightener in it, the total pressure .. , 
profiles at the nozzle exit between the two side plates were found 
to have four dips near the top and bottom of the nozzle. Nozzle B, 
however, produced uniform profiles. The reason for the total pres-
sure drop is not well understood. It indicates that the geometry of 
the power jet nozzle is an important factor in designing bistable 
fluid amplifiers. 
(2) For nozzle A, without a flow straightener in it, the total pressure 
profiles at.nozzle exit near the midplane were observed to be Reynolds 
e:,. number dependent. Three dimensional effects were observed to be severe ' 
for Re = 12,400 and moderate for Re = 5,000 and 20,000. w w 
·(3) At small setbacks, edge-tone phenomena were observed. Coexistence 
of two stable noise states at the control port were found for 
Re = 12,400 and zero setback. The entrainment character of the jet w 
was found to depend upon the noise character of these states. This 
kind of instability exists also for other combinations of Reynolds 
number and control port dimensions. A designer should. be awar-e of 
this situation • 
. 
,f 
i-._: ........ . 
· · . (4) The edge-tone phenomen~ were found to be very sensttive to the geom-
• 
... -- ·etry of the control port. A change in the control port length changes 
the noise character and the development of the wall jet. 
/ 
., 
.: . ~, . ., . 
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. . . (5) At large setbacks, the edge-tone phenomena disappeared. A separation.· · 
bubble was formed. The flow near the bubble was highly turbulent and 
thus caused the total pressure to decay relatively faster than with- . . . 
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. Figure 24 Profiles of· normalized total pressure versus:1 z/w at 
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Figure 36 : Profiles,··of normalized total pressure versus i/w 
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Figl.l~e. 37 l Profiles of normalized t_otal pressure 
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